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The rapid rise in the cosmic ray positron fraction above 10 GeV, as measured by PAMELA and
AMS, suggests the existence of nearby primary sources of high energy positrons, such as pulsars
or annihilating/decaying dark matter. In contrast, the spectrum of secondary positrons produced
through the collisions of cosmic rays in the interstellar medium is predicted to fall rapidly with
energy, and thus is unable to account for the observed rise. It has been proposed, however, that
secondary positrons could be produced and then accelerated in nearby supernova remnants, poten-
tially explaining the observed rise, without the need of primary positron sources. Yet, if secondary
positrons are accelerated in such shocks, other secondary cosmic ray species (such as boron nuclei,
and antiprotons) will also be accelerated, leading to rises in the boron-to-carbon and antiproton-to-
proton ratios. The measurements of the boron-to-carbon ratio by the PAMELA and AMS collabo-
rations, however, show no sign of such a rise. With this new data in hand, we revisit the secondary
acceleration scenario for the rising positron fraction. Assuming that the same supernova remnants
accelerate both light nuclei (protons, helium) and heavier cosmic ray species, we find that no more
than ∼25% of the observed rise in the positron fraction can result from this mechanism (at the 95%
confidence level).
PACS numbers: 26.40.+r, 98.58.Mj, 98.70.Sa
I. INTRODUCTION
Recently, the AMS collaboration reported their mea-
surement of the cosmic ray (CR) positron fraction over
the range of 0.5 to 350 GeV [1], confirming with greater
precision the rise at energies above ∼10 GeV [2] as pre-
viously observed by the PAMELA [3] and Fermi [4] col-
laborations. Proposed explanations for this rise include
dark matter (DM) particles annihilating or decaying in
the galactic halo [5–19], nearby pulsars injecting high-
energy positrons into the interstellar medium [20–24],
and nearby supernova remnants (SNRs) accelerating sec-
ondary positrons produced in the hadronic interactions
of CR protons or nuclei [25–27].
Although annihilating dark matter particles have been
shown to be able to account for the observed rise in the
positron fraction, such scenarios are quite constrained
at this time. In particular, the only dark matter mod-
els that can accommodate both the positron fraction
and measurements of the electron-plus-positron spectrum
[28–31], feature dark matter particles with masses of
∼1-3 TeV that annihilate to intermediate states which
subsequently decay to muons or charged pions [9, 32].
Such a class of models is that of eXciting Dark Mat-
ter [33], which can also accommodate the high anni-
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hilation rate needed to generate the observed positron
fraction [12, 32, 34–36] through Sommerfeld enhance-
ments [11] (see also Refs. [16, 37, 38])1. For the case
of decaying dark matter, models of dynamical dark mat-
ter have also been recently proposed in connection with
the leptonic data [40]. We also note that even if dark
matter does not account for the rising positron fraction,
such measurements can be used to derive stringent con-
straints on dark matter models with mass up to 350 GeV,
which annihilate or decay to leptonic final states [41, 42].
Pulsars (rapidly spinning neutron stars which steadily
convert their rotational kinetic energy into radio emis-
sion, gamma-rays, and high-energy electron-positron
pairs) could also account for the observed rise in the
positron fraction [20–23]. In addition to the combined
contribution from all pulsars throughout the Milky Way,
the young and nearby Geminga and B0656+14 pulsars
could each contribute significantly to the cosmic ray
positron spectrum [32, 43] (see also Ref. [44]).
Both dark matter and pulsar origins for the ris-
ing positron fraction represent scenarios in which the
positrons are cosmic ray primaries. In contrast, it has
also been proposed that the excess positrons could be
cosmic ray secondaries, produced in proton-proton colli-
1 The presence of near-by DM clumps can not solely explain the
necessary high annihilation rate, but can reduce the needed anni-
hilation cross-section by a factor of ∼ 2 compared to case where
no DM clumps are invoked [39].
2sions inside of SNRs and then accelerated before escap-
ing into the interstellar medium (ISM) [25, 26]. It is this
case that we consider in this study. In particular, within
this scenario, the same stochastic acceleration processes
which accelerate CR positrons in the supernova shocks
will also accelerate other species of CR secondaries, such
as antiprotons and boron nuclei. Thus, as was shown
in Refs. [26, 45], a rise in the antiproton-to-proton and
boron-to-carbon ratios are also expected to occur at high
energies, >∼ 100 GeV (see though [46, 47]). Recently, the
PAMELA [48] and AMS [49] collaborations presented
their first measurements of the boron-to-carbon ratio, re-
vealing no evidence for any rise up to the highest mea-
sured energies, ∼400 GeV. In this paper, we make use
of this measurement to place constraints on models in
which the observed rise in the CR positron fraction is
the result of the acceleration of positron secondaries.
The remainder of this article is structured as follows.
In Sec. II, we describe our calculations of the boron-
to-carbon ratio, the antiproton-to-proton ratio, and the
positron fraction in some detail. We then present our
results in Sec. III. We find that secondary acceleration
models capable of explaining the observed positron frac-
tion are also incompatible with the boron-to-carbon ra-
tio, as measured by AMS and PAMELA. We summarize
our results and conclusions in Sec. IV.
II. CALCULATION SETUP AND
ASSUMPTIONS
Diffusive shock acceleration in galactic SNRs can be re-
sponsible for the spectrum of CRs up to ∼ PeV energies
(at much higher energies, extragalactic sources are pre-
sumably responsible). Ambient electrons, protons, and
nuclei are accelerated by the shock front, generating a
spectrum that is expected to take a power-law form,
dN/dE ∝ E−γ+2, where the index γ depends on the
conditions of the shock. For a supersonic shock the com-
pression ratio, r = v−/v+, is taken to be r = 4, where
v+ is the plasma down-stream velocity (inside the shock)
and v− the plasma up-stream velocity (outside the shock)
(both defined in the frame of the shock front). The index
γ is related to r by γ = 3r/(r−1). For r = 4, this yields a
E−2 injection spectrum for the primary CR component.
While being accelerated inside of the supernova shock,
these particles may also interact with the dense gas and
spallate or decay to produce lighter species [25, 26]. The
relevant source term for these lighter species is given by:
Qi(Ekin) = ΣjNj(Ekin)
[
σspj→i β c ngas +
1
Ekin τdecj→i
]
,
(1)
where Ekin is the kinetic energy per nucleon (in GeV),
Nj gives the spectrum of the parent nucleus species j,
σspj→i is the partial cross section from species j to species
i, τdecj→i is the timescale for the decay of species j to i, and
ngas is the density of gas where the spallation occurs.
The same processes also provide a corresponding loss
term:
Γi(Ekin) = σ
sp
i β c ngas +
1
Ekin τdeci
, (2)
where σspi and τ
dec
i are the total spallation cross section
and total decay lifetime of nuclei species i, respectively.
Combining Eqs. 1 and 2 with the effects of advection,
diffusion, and adiabatic energy losses, one gets the trans-
port equation for species i:
v
∂fi
∂x
= Di
∂2fi
∂x2
+
1
3
dv
dx
p
∂fi
∂p
− Γifi + qi, (3)
where fi is the phase space density of CR species i and qi
is the relevant source term. CRs are typically accelerated
in the shock over a timescale on the order of τSN ∼ 104
yr. If enough nuclei of species i are produced via spal-
lation or decay, and are accelerated in the SNR before
undergoing further spallation or decay (1/Γi ≫ τ
acc),
this can have a significant impact on the CR spectrum.
The additional component resulting from this process is
referred to as the secondary CRs accelerated inside of the
SNRs. The authors of Ref. [26] solved Eq. 3 analytically
and calculated the phase space densities for particles, i,
both up-stream and down-stream from the shock front,
including both primary and secondary accelerated CRs.
Here, we will use the same formalism, and present por-
tions of their calculation where necessary (see Ref. [26]
for more details).
In solving Eq. 3, we apply the boundary conditions
that the phase space density for species i far up-stream
(far away from the supernova shock) is equal to the am-
bient density Yi, and its gradient in momentum is zero:
lim
x→−∞
fi(x, p) = Yiδ(p− p0), (4)
lim
x→−∞
∂fi(x, p)
∂p
= 0.
Following Ref. [26], the the phase space density down-
stream, f+i , is given by:
f+i (x, p) = fi(0, p) +
q+i (0, p)− Γ
+
i (p)fi(0, p)
v+
x, (5)
where x is the distance from the shock front and q±i is
the total source term for species i, given by:
q±i (x, p) = Σj>i fj Γ
±
j→i. (6)
The only difference between Γ+ and Γ− comes from
different down-stream and up-stream gas densities. Ig-
noring the decay lifetimes of CRs inside and around
the supernova shock, we get that q+i /q
−
i = Γ
+
i /Γ
−
i =
n+gas/n
−
gas = r. Following Ref. [26], we also assume that
D+i = D
−
i .
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FIG. 1: The ratio of the secondary cosmic ray acceleration
term to the primary cosmic ray acceleration term in Eqs. 7
and 8, as a function of momentum per nucleon. The impact
of including the acceleration of secondary cosmic rays pro-
duced inside and around the supernova shock front is most
important at high energies and for lighter species. For 10B
the ratio is significantly higher since f−∞10B is suppressed. As
in Ref. [26], we have adopted optimistic values for KB , B,
n−gas, v
− and r (see text for more details).
Integrating the transport equation over infinitesimal
distance one gets [26]:
p
∂fi(x, p)
∂p
= −γfi(0, p)− γ(1 + r
2)
Γ−i (p)D
−
i (p)
(v−)2
fi(0, p)
+ γ[(1 + r2)
q−i (0, p)D
−
i (p)
(v−)2
+ Yiδ(p− p0)].(7)
The solution to which yields:
fi(0, p) =
∫ p
0
dp′
p′
(
p′
p
)γ
e−γ(1+r
2)(D−
i
(p)−D−
i
(p′))Γ−
i
(p)/(v−)2
× γ[(1 + r2)
q−i (0, p
′)D−i (p
′)
(v−)2
+ Yiδ(p
′
− p0)]. (8)
Following Refs. [25, 26], we assume Bohm diffusion for
CRs around the shock front:
D±i (E) =
KB rL(E) c
3
= 3.3×1022KB B
−1 E Z−1i cm
2 s−1,
(9)
where rL is the Larmor radius around the shock front,
B is the magnetic field in µG, Z the atomic number
of the CR nucleus i, and E is the energy in GeV. KB
is a “fudge factor” [26] which scales approximately as
KB ≃ (B/δB)
2 [25], allowing for faster diffusion of CRs
around the shock front. Values of KB >> 1 have been
suggested [25, 26] under conditions where magnetic field
amplification is inefficient.
The importance of including the acceleration of sec-
ondary CRs produced inside and around the supernova
shock front varies with energy and CR species. In Fig. 1
we show the ratio of the secondary CR acceleration term
of Eqs. 7 and 8, (1+ r2)q−i (0, p)D
−
i (p)/(v
−)2, to the pri-
mary CR acceleration term, Yiδ(p − p0) = f
−∞
i , as a
function of momentum per nucleon. This ratio increases
with energy and is greater for the lighter species. This
demonstrates that the acceleration of CR secondaries is
most important in the case of light nuclear species, and
at high energies. As in Ref. [26], we have adopted the fol-
lowing parameter values: KB = 40, B = 1 µG, n
−
gas = 2
cm−3, v− = 0.5 × 108 cm3 s−1, and r = 4, which have
been suggested from the observed titanium-to-iron ratio,
and are also similar to those proposed from the positron
fraction (KB = 20 [25]).
We calculate the far up-stream phase space densities
from the measured CR densities for Fe, Si, Mg Ne, O, N,
C, B, He, and p [49, 50], taking into account the relative
isotopic abundances. For the calculation of the boron-to-
carbon ratio, we start from 18O and go down to 10Be.2
We employ the relevant total and partial cross sections
(see Refs. [51, 52]). We then use the same formulation to
calculate the antiproton-to-proton ratio, and the positron
fraction, including helium and proton CRs. We start
from the heaviest isotope and solve Eqs. 6 and 8 to obtain
the injected spectrum of CRs after integrating over the
volume of the SNR:
Ni(E) = 16pi
2
∫ v+τSN
0
dx p2f+i (x, p) (v
+τSN − x)2.
(10)
We take τSN = 2× 104 yr and v+ = 1.25× 107 cm s−1.
Once CRs are injected into the ISM, they propagate
in the galactic medium. Depending on the CR species
and their energy scale, there are various possibly rele-
vant time-scales. The CR diffusion, the CR advection,
the diffusive re-acceleration time-scales, the decay time-
scale and the total energy losses time-scale. In addition,
as we stated earlier, CR secondaries are produced in the
interstellar medium. Depending on the aimed level of ac-
curacy and which are the important time-scales, one can
solve the propagation equation for CRs analytically, in-
cluding only diffusion and advection (see [53]), use a leaky
box approximation (as we do), or solve numerically in-
cluding all effects [54–56]. For CR protons, anti-protons,
Boron and Carbon and for the energies at hand, advec-
tion, re-acceleration and energy losses in the interstellar
medium are subdominant (for CR electrons and positrons
energy losses have to be included). These CRs diffuse
within a zone of scale height L ∼ 1 - 8 kpc [57, 58], be-
yond which they are free to escape. The escape timescale
for a CR nucleus i is τesci (E) ≃ τ
esc
1 × (E/Z)
−δ, where E
is in GeV, Z is the atomic number, and δ is the diffusion
index. The normalization, τesc1 , and the index, δ, can be
extracted by fitting the boron-to-carbon ratio at energies
below ∼ 30 GeV, where the effects of the acceleration of
secondaries inside SNRs are subdominant.
The density of CR nuclei at Earth (neglecting solar
2 10Be decays to 10B with a lifetime of 1.36 Myr.
4modulation) is given by:
Ni(E) =
Σj>i(Γ
sp
j→i + 1/(Ekinτ
dec
j→i))Nj(E) +RSNNi(E)
Γi(E) + 1/τesci (E)
.
(11)
RSN , is the galactic supernovae rate per volume (3 per
century in the galactic disk). For secondary electrons and
positrons produced in p-p and He-p collisions and then
further accelerated inside of the SNR, there are no decay
or spallation process to take into account (Γ±e = 0), and
thus Eq. 8 simplifies to:
facce± (0, p) =
∫ p
0
dp′
p′
(
p′
p
)γ
γ(
1
ξ
+ r2)
q−e±(0, p)D
−
e (p
′)
(v−)2
.
(12)
We take ξ =0.05, as about 5% of the energy of the pri-
mary CR proton goes into each e± in an inelastic p-p
collision.3
Once released into the ISM, CR electrons and positrons
undergo diffusion and energy loss processes. In this work,
we focus on energies above 5 GeV where solar modula-
tion effects are small. Above a few GeV, the e± energy
losses are dominated by a combination of synchrotron
and inverse Compton scattering. We model these en-
ergy losses as dEe/dt = b(E)= b0(Ee/1GeV)
2, with
b0 = −1.7 × 10
−16 GeV s−1. The value for the b0
coefficient comes from estimates on the local magnetic
and radiation fields.4 The escape timescale for electrons,
τesce (E), is the same as that for protons, as at high ener-
gies (E ≫ m) they have the same rigidity. Their steady
state density is given by:
N
acc
e± (E) = RSN
1
b(E) + 1/τesce (E)
∫ Emax
E
dE′Nacce± (E
′),
(13)
where Nacce± (E
′) is calculated by replacing f+i (x, p) with
facce± (x > 0, p) in Eqs. 5 and 10. We include both CR pro-
tons and CR helium nuclei in the source term of Eq. 12.
Any additional correction factor in Eq. 13 due to the im-
pact of heavier CR species is expected to be at the level
of ∼10%, and is highly dependent on the initial chemical
composition of the surrounding medium.
Primary CR electrons (due to the Ye−δ(p − p0) term
3 For CRs other than protons and antiprotons from p-p or p-He
collisions, ξ is taken to be 1 (the daughter particle produced
from spallation has, on average, about the same momentum per
nucleon as the CR primary).
4 We assume a local magnetic field value of B = 5µG, corre-
sponding to an energy density of Umag =0.62 eV/cm3. For
the local radiation energy density, we take Urad =0.82 eV/cm
3
for the galactic radiation field and UCMB =0.26 eV/cm
3 for
the cosmic microwave background. The energy loss rate is
dE
dt
≃ −
4
3
σT cγ
2(Umag + Urad + UCMB) (where γ here is the
Lorentz boost).
not included in Eq. 12)5 are given by:
N
prim
e− (E) = Ke−RSN
1
b(E) + 1/τesce (E)
×
∫ Emax
E
dE′Nprime− (E
′), (14)
where Emax is the maximum energy to which e
± particles
are accelerated. We set the value of Ke− to match local
CR measurements.
Finally, CR e± are also produced in p-p and He-p col-
lisions in the ISM. We ignore diffusive re-acceleration in
the ISM, as its impact is expected to be subdominant
above a few GeV. The secondary CR e± flux is given by:
N
sec
e± (E) = nISMc
1
b(E) + 1/τesce (E)
∫ Emax
E
dE′′ (15)∫ ∞
5E′′
dE′ΣiN
prim
i (E
′)
dσi→e± (E
′, E′′)
dE′
,
where the sum is carried out over protons and helium nu-
clei. E′′ is the energy of the secondary e± at production
and E′ the energy of the parent CRs in the ISM. The
factor of 5 in the lower limit of integration comes from
the fact that a charged pion produced in a p-p collision
carries approximately 1/5 of the energy of the parent CR
proton.6 It is the decays of these charged pions that pro-
duce the secondary electrons and positrons.
When comparing our results to observations, we in-
clude the effects of solar modulation, using the force field
approximation [59]. More recent models include charge-
sign dependent solar modulation [60–62] and can impact
the positron fraction and the antiproton-proton ratios by
changing differently the fluxes of electrons(antiprotons)
from positrons(protons) of the same energy before en-
tering the Heliosphere. Even in those cases though, the
effects of solar modulation on the CR ratios is always
negligible above 10 GeV (GeV/n) [62].
III. RESULTS
In Fig. 2, we show the CR boron-to-carbon ratio as a
function of energy, as predicted for a range of parameter
values. In each frame, the dotted black curve denotes
the prediction, assuming that secondary cosmic rays are
produced only in the ISM and are not subsequently accel-
erated. In the left frames, this was calculated using Eq. 8
with q−i = 0, and adopting parameter values of δ = 0.6
and τesc1 = 65 Myr. Based on older boron-to-carbon
5 In this paper we ignore the presence of positrons in the ambi-
ent interstellar medium. That is a simplification since we have
observed positrons at many different energies. Yet their ratio to
electrons is not known at energies much lower than 0.5 GeV.
6 Our results do not depend significantly on the precise value of
this lower limit of integration.
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FIG. 2: The cosmic ray boron-to-carbon ratio predicted for various parameter choices. In each frame, the black dotted curves
represent the prediction without any contribution from the acceleration of secondary CRs in SNR shocks. In the the left frames,
this is calculated according to Eq. 8 with q−i = 0, whereas in the right frames we have used GALPROP (see text for details).
The other curves include contributions from accelerated secondaries. In the upper frames, we consider different values of KB ,
and set n−gas = 2 cm
−3. In the lower frames, we set KB = 40 and vary the value of n−gas. In all frames, we set B = 1 µG, v
− =
0.5×108 cm s−1 and r = 4. In each frame, the solid blue, dashed green, and dashed-dotted brown curves represent parameter
choices that are incompatible with the measured boron-to-carbon spectrum at the 95%, 99%, and 99.9% confidence levels,
respectively (using the combination of data from AMS and PAMELA; HEAO 3 data is shown only for comparison). We also
include in each frame the prediction for an even more extreme parameter value (KB = 40, n−gas =2.0 cm
−3) for comparison
with Ref.[26].
measurements from the High Energy Astrophysics Ob-
servatory (HEAO) [50], the Cosmic-Ray Energetics and
Mass experiment (CREAM) [63], the Cosmic Ray Nuclei
experiment (CRN) [64], and the Advanced Composition
Explorer (ACE) [65], values of τesc1 ∼ 20 - 80 Myr had
been favored [25, 26, 58]. In fact, our values for τesc1 and δ
yield a good fit to the data7 up to the highest measured
7 These parameters yield a fit of χ2tot ≃ 14, over 27 degrees of free-
dom. We use all the boron-to-carbon data points from PAMELA
[48] and AMS [49] with Ek > 2 GeV/n, and allow for a modu-
lation potential in the range of 0.5-1.5 GV, following the force
field approximation [59]. Effects of diffusive acceleration or ad-
vective winds in the interstellar medium impact energies up to ∼
10 GeV/n but are ignored since the acceleration of secondaries
is important only above 50 GeV/n.
energies, without including any additional contribution
from the acceleration of secondary CRs inside of SNRs.
In the right frames, we instead use the publicly available
code GALPROP v54 (see Refs. [54, 55], and references
therein) to calculate the boron-to-carbon ratio (again,
without any contribution from accelerated secondaries).8
8 GALPROP includes up-to-date information pertaining to the lo-
cal interstellar radiation field and the distribution of gas in the
Galaxy. It also makes different assumptions regarding the inelas-
tic cross sections (see the discussion on antiprotons). Codes such
as GALPROP and DRAGON [56] assume a simple diffusion zone
with free escape boundary conditions. Cosmic rays diffuse within
the diffusion zone with a diffusion coefficient D(R)=D0(
R
3GV
)δ
(R is the rigidity of the particle) and escape upon reaching any
boundary of the zone. We take this zone to be a cylinder, ex-
tending a distance L = 4kpc above and below the galactic plane,
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FIG. 3: The cosmic ray antiproton-to-proton ratio predicted for some of the same parameter choices used in Fig. 2. See text
for details.
For the purposes of this study, the dotted black curves
in Fig. 2, which denote the prediction for the case in
which secondary particles are not further accelerated in
the shocks of SNRs, represent our “background”, with re-
spect to which we will later calculate our ∆χ2 in deriving
upper limits on the acceleration of secondary CRs.
To derive limits on the stochastic acceleration of CR
secondaries in SNR shocks, we use the recently released
boron-to-carbon ratio data from PAMELA [48] and AMS
[49]. In each case, the boron-to-carbon ratio is fitted
to match the measurements below 30 GeV, where any
contribution from accelerated secondaries is insignificant.
In both the left and right frames, the dotted black curves
are in good agreement with the data at all energies from
PAMELA and AMS, yielding fits with a χ2 per degree-
of-freedom of 0.50 and 0.35, respectively9.
The most important parameters for our calculation are
and radially 20 kpc from the Galactic Center. We do not in-
clude any advective winds, but allow for diffusive re-acceleration
with an Alfve´n speed of 10 km s−1. For the parameter values,
δ = 0.43 and D0 = 2.95 × 1028 cm2s−1, we find an excellent fit
of χ2 ≃ 9.9 over 27 degrees of freedom.
9 Including measurements from CREAM [63], CRN [64] and
TRACER [66], does not affect our results.
the magnetic field B (which we take to be fixed at 1µG),
the shock compression ratio r (which we fix to r = 4), the
up-stream velocity v− (which we fix to v−=0.5×108 cm
s−1), the up-stream gas density n−gas (which we allow to
vary), and the factorKB which is related to the efficiency
of diffusion around the shock (which we also allow to
vary). For the purposes of our calculations, KB and B
are degenerate quantities (see Eq. 9), thus we choose to
vary onlyKB. Also KB, B, n
−
gas, v
− and r are connected
since they all appear in the secondary CR acceleration
term of Eqs. 7 and 8, (1 + r2)q−(0, p)iD
−
i (p)/(v
−)2 (see
also Eqs. 2, 5 and 6). For this reason, we also choose to
vary the value of n−gas.
In Fig. 2, we show the predicted boron-to-carbon ra-
tio, including the contribution from secondaries produced
and accelerated in SNRs, for a range of parameter val-
ues. In the upper frames, we set n−gas = 2 cm
−3 and
vary KB, while in the lower frames we set KB = 40 and
consider different values of n−gas. In each frame, the solid
blue, dashed green, and dashed-dotted brown curves de-
note the parameter values which are incompatible with
the boron-to-carbon measurements at the 95%, 99% and
99.9% confidence levels, respectively. We also show in
each frame the result using a more extreme parameter
value, incompatible with the measured boron-to-carbon
ratio.
7Previous authors have suggested that the observed
titanium-to-iron ratio and/or the positron fraction could
be explained for parameter values of n−gas = 2 cm
−3 and
KB = 40 [26] or 20 [25] (and with the same values of
B, v−, and r used here). It is clear from Fig. 2, how-
ever, that such models would also predict a very evident
rise in the boron-to-carbon ratio, incompatible with the
measured spectrum at well beyond the 99.9% confidence
level.
As described in Sec. II, we include the CR primary, CR
accelerated secondary, and CR ISM secondary compo-
nents for each CR species (and for their stable and long-
lived isotopes). For the same parameters considered in
Fig. 2, we predict that other secondary-to-primary ratios
will also rise with energy, including the antiproton-to-
proton and positron-to-electron ratios. In Fig. 3, we show
the CR antiproton-to-proton ratio predicted for some of
the parameter values used in Fig. 2. There are significant
uncertainties pertaining to the expected antiproton flux
at high energies, E > 50 GeV, arising in part due to un-
certainties in the cross section for antiproton production
in p-p collisions (GALPROP uses cross sections as de-
scribed in Ref. [67], whereas we instead follow Ref. [68]).
Given this uncertainty, a wide range of parameters for
the acceleration of secondaries in SNRs could be poten-
tially compatible with the observed antiproton-to-proton
ratio. Yet, in all cases considered, parameter values of
KB = 40, n
−
gas=2 cm
−3 are in considerable tension with
the data. Reducing KB to 20, as in Ref. [45], allevi-
ates most of this tension, however. With future data
extending to higher energies, such as that anticipated
from AMS, it will be possible to constrain such scenarios
much more tightly. We also note as it has been shown
in connection with dark matter annihilations/decays in
the Galaxy [9, 69, 70], that the simple GALPROP (or
semi-analytically calculated) background model for the
antiproton-to-proton ratio agrees very well with the data,
suggesting no evidence of an excess at high energies.
In Fig. 4, we show the positron fraction predicted for
the parameter values used in Figs. 2 and 3. While we find
that the measured positron fraction can be accommo-
dated in models with rather extreme parameter choices
(KB = 40 and n
−
gas=2 cm
−3), those parameters also pre-
dict a boron-to-carbon ratio (and, to a lesser degree, a
antiproton-to-proton ratio) that is highly incompatible
with measurements (see Fig. 2). If we limit ourselves to
parameter choices that are compatible with the boron-to-
carbon ratio (at the 95% confidence level, for example),
we find that the acceleration of secondary positrons in
SNRs can account for only ∼25% of the excess positrons
observed above 30 GeV.
In producing Fig. 4, we have adopted a value of 10
TeV for Emax, the maximum energy to which secondary
positrons are accelerated inside of SNRs (see Eq. 15). In
Fig. 5, we show the impact of varying this quantity. We
find that allowing for a higher value of Emax ∼ 100 TeV
can enable a value of KB ≃ 20 to explain the rise of the
positron fraction (with n−gas = 2 cm
−3). Even this some-
what lower value, however, predicts a boron-to-carbon
ratio that is excluded at beyond the 99.9% confidence
level.
In our calculations of the positron fraction, we have
neglected energy losses from synchrotron emission and
inverse Compton scattering inside of the SNRs (as had
the authors of Refs. [25, 26]).10 As a consequence, our
results presented here are conservative, in that additional
energy losses would only serve to further soften the con-
tribution from accelerated positron secondaries. Further-
more, we note that we have allowed for the background
positron fraction to be practically flat in energy, giving
the maximal contribution to the positron fraction at high
energies.
The limits presented here are quite robust. In partic-
ular, the compression ratio r must be close to 4 in or-
der for SNRs to be efficient accelerators, yielding a hard
spectrum. Furthermore, the parameters KB, B, n
−
gas,
v− are each interconnected, and the curves presented in
Figs. 2, 3, and 4, increase and decrease in the same man-
ner with their variation as with KB and n
−
gas.
IV. DISCUSSION AND SUMMARY
The Galactic cosmic ray (CR) spectrum can be bro-
ken into two major components: primaries which are
directly accelerated by supernova remnants, and secon-
daries which are produced in the interstellar medium
from the spallation or decay of other CRs. In addition,
secondaries that are produced inside of supernova rem-
nants could be further accelerated before escaping. Of
particular interest is the possibility that these accelerated
secondaries could account for the rising CR positron frac-
tion, as measured by the PAMELA, Fermi and AMS ex-
periments [25–27]. In this paper, we revisit this scenario
in light of recent CR data, such as AMS ’s measurement
of the boron-to-carbon ratio.
In agreement with previous groups [25–27], we find
that accelerated secondaries could plausibly lead to a
positron fraction that rises with energy. Such models,
however, also predict a significant rise in other secondary-
to-primary ratios, which we find to be incompatible with
recent observations. In particular, measurements of the
boron-to-carbon and antiproton-to-proton ratios from
the AMS and PAMELA collaborations show no evidence
of a rise. We have tested different models by changing the
gas density of the medium around the shock (n−gas) and
the efficiency of diffusion of CRs up-stream and down-
stream from the shock front (KB). Quantitatively, we
find that the observed boron-to-carbon ratio is incompat-
ible (at the 95% confidence level) with models in which
more than ∼25% of the high energy excess positrons are
10 We have of course included energy losses during propagation in
the ISM.
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FIG. 4: The cosmic ray positron fraction predicted for the parameter choices used in Figs. 2 and 3. The dotted black line denotes
the prediction from secondary positrons produced in the interstellar medium (see Eqs. 14 and 15), without any contribution
from positrons accelerated in the shocks of supernova remnants. In the left frame, we set n−gas = 2 cm
−3 and vary the value
of KB. In the right frame, we set KB = 40 and consider a range of values for n−gas. In both frames, we take B = 1 µG, v
−
= 0.5×108 cm s−1 and r = 4 up to the highest energies. We also take Emax = 10 TeV (see Fig. 5). Although the measured
positron fraction can be accommodated by a model with KB = 40 and n−gas=2 cm
−3, such a scenario is highly incompatible
with the measured boron-to-carbon ratio (and, to a lesser degree, with the antiproton-to-proton ratio). If we limit ourselves
to parameter choices that are compatible with boron-to-carbon at the 95% confidence level, we find that the acceleration of
secondary positrons in SNRs can account for only ∼25% of the excess positrons observed above 30 GeV.
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FIG. 5: The impact of varying the value of the maximum
energy to which e± are accelerated inside of supernova rem-
nants. See text for details.
secondaries that were produced and accelerated in the
shocks of supernova remnants.
The constraints presented in this paper could be mit-
igated to some extent if different CR species were to
originate from different sources. For example, one could
imagine a scenario in which the CR positrons were largely
produced (as accelerated secondaries) in a few nearby su-
pernova remnants (with high values of KB and/or n
−
gas).
If the environments of those particular supernova rem-
nants contained exceptionally high ambient densities of
light nuclei (p, He), their relative contribution to the
spectra of heavier CR nuclei producing boron could be
suppressed. The boron, carbon and heavier nuclei com-
position of the CR spectrum would thus be set by other,
more distant SNRs, perhaps less efficient in accelerating
secondaries. While one can debate the plausibility of such
a scenario, it is at least possible, in principle, to break the
connection between the predicted positron fraction and
boron-to-carbon ratio in this way. The connection be-
tween the positron fraction and the antiproton-to-proton
ratio, however, cannot be broken in such a manner. If the
AMS experiment does not detect a significant rise in the
high energy antiproton-to-proton ratio, that would likely
rule out any remaining possibility that the rising positron
fraction results from the acceleration of CR secondaries.
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